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Foreword
Despite having had a deregulated electricity market in Sweden for over ten years we still need to increase our understanding as to how deregulated electricity markets actually work and how possible problems are to be solved.
The electricity sector is key in greenhouse gas mitigation. Electricity generation accounts for roughly one-third of carbon dioxide emissions in the industrialized countries today and is expected to account for two-thirds of the emission reductions in the first few decades of climate policy regimes.
Over the last few years, Europe has experienced significant price volatility in the electricity market. A substantial share of the variations in prices can be explained by the introduction of the EU ETS. This has led to calls for some sort of regulation to manage these variations. The research carried out in this project looks at aspects that are critical for the understanding of how an economically efficient and environmentally sound regulation may be designed.
Elforsk (Electricity research) is owned by the Swedish electricity industry. Its' corporate business idea is to carry out research and development in line with the interests of the owner companies and carry out these research projects in cooperation with other parties on the market. The Market Design program was initiated in 2000 for the purpose of increasing the knowledge of how deregulated electricity markets work. The program is financed by Svensk Energi, EBL-Kompetanse in Norway and the Swedish Energy Agency. The research presented in this paper was also supported by the Mistra foundation under the Clipore program.
More information on the program, our reports and current activities is available on program's website, www.marketdesign.se.
Peter Fritz Program Secretary, Market Design Elforsk AB ELFORSK Summary
An important feature in the design of an emissions trading program is how emission allowances are initially distributed into the market. The choice between an auction and free allocation should, according to economic theory, not have any influence on the firms' production choices nor on consumer prices. However, many observers are still incredulous that firms should be expected to raise product prices to include the value of emissions allowances they receive for free.
Throughout much of Europe and the U.S., energy markets have been deregulated or are in the process of moving toward market liberalization. If market behavior does not conform to predictions of behavior in a competitive market, this may say a great deal about the nature of market liberalization in energy markets as well as about the behavior of environmental markets. If firms are able to voluntarily moderate commodity prices to be below competitive levels, it suggests an ability of these entities to exercise market power or collude -even if this is motivated by a desire to hold back and not pass through the value of emissions allowances in product prices.
This paper reports on the use of experimental methods to investigate behavior with respect to how prices will be determined under a cap-and-trade program. We find participants in the experiments employ various approaches. Some participants initially recognize the opportunity cost of emission allowances and included them in their economic choices regardless of how the allowances have been obtained, and other subjects initially do not. However, given a simple economic setting in which pay-offs depend on this behavior, we find that subjects learn to consider the value of allowances and overall behavior moves toward that predicted by economic theory.
The observations from the experiments may help to understand the ongoing public debate over the interaction of the EU ETS and energy markets. Emission allowance markets are a new phenomenon to many politicians, firms and policy officials, and one which they are not used to dealing with. In addition, the deregulation of energy markets is a relatively new process and progress is not uniform across countries, resulting in markets in different stages of liberalization. When one considers this, it is not surprising that the public and political intuition of how markets 'should' work may diverge from economic theory, much in the same way as it initially did for the subjects in our experiments.
Introduction
Policy makers are increasingly turning to the use of economic instruments for environmental regulation, especially for regulation of air pollution. One prominent example is the adoption of emissions cap and trade programs that limit the total amount of emissions from regulated sources. An emissions cap introduces scarcity for the right to emit. The value of that scarce right is reflected in the price of an emission allowance, which may be bought or sold by participants in the market.
The EU Emission Trading Scheme (ETS) is the world's largest market for emissions allowances and it establishes a cap-and-trade program for carbon dioxide (CO 2 ) emissions for the electricity sector and large industrial emitters for 25 member states of the EU. The price of an allowance to emit one ton has hovered around 25 Euro per ton through 2008. The allowances can be banked for use in a future year. Each year a new emission cap is applied, new emission allowances are introduced and the scarcity value of those allowances is created anew.
An important feature in the design of the emissions trading program is how emission allowances are initially distributed into the market. In the first phase of the ETS from 2005-2007 approximately 99% of the allowances were distributed for free to incumbent emitting firms, and in the second phase from 2008-2012 approximately 96.5% will be distributed for free. Free allocation has come under scrutiny stemming from critical analyses of economic efficiency, administrative efficiency and distributional fairness, prompting the European Commission to propose the use of an auction for all the allowances going to the power sector beginning in 2013, and an expansion of the auction to the entire market by 2020.
A central consideration in this policy shift away from free allocation to an auction is the influence this decision will have on the determination of retail prices. Most economists feel that, at least in competitive markets, the choice of allocation mechanism should make no difference in retail prices. This view reasons that the economic value of emissions allowances depends on their scarcity in the market, not on how the allowances were acquired initially. In a competitive market firms are expected to set retail prices so as to recover this economic value.
Many others are incredulous that firms should be expected to raise product prices to include the value of emissions allowances they receive for free. This reasoning would expect product prices to be lower under free allocation than under an auction. The requirement to pay for allowances in an auction reflects a change in the variable costs of production, and hence it is reasoned that the introduction of an auction will raise product prices. Occasionally, industry has reinforced this view. One energy company official told Point Carbon "If EUAs (emissions allowances) are auctioned that will only lead to 100 per cent of the carbon price being priced into the electricity price, and thus increase it (electricity price)." 1 In the presence of opposing views, the fundamental question is an empirical one. Bunn and Fezzi (2007) conduct time series econometric analysis on the UK electricity market and Fell (2008) conducts analysis in the Nordic market. Both studies attempt to determine the influence on electricity price of changes in the price of factors of production including fuel and emissions allowances. Furthermore, both analyze a time period when the vast majority of allowances were given away for free. These studies find a response in electricity prices to a change in the price of emissions allowances, suggesting that consumers pay for some portion of the value of emissions allowances even when industry has received them for free. In an analysis involving econometric and simulation methods, Sijm et al. (2006) find a response in the short-run electricity price in the markets in the Netherlands and surrounding countries. These studies find that in these three relatively competitive electricity markets electricity prices reflect allowance value to some degree. However, there remains ambiguity about how much pass-through of allowance value one should expect.
The approach we use is to examine the behavior of firms through the use of experiments in a laboratory setting. In these experiments individuals are given a chance to make decisions in a structured environment resembling the decisions faced by firms in real markets. Individuals in the experiments are given financial payoffs according to a metric of performance that instills substantial incentive to behave in a profit-maximizing manner. Experimental economics is particularly useful for exploring this type of issue because in a laboratory setting researchers can control and isolate various aspects of the decision problem including the structure of costs and emission rates, etc.
In brief we find that participants make decisions that earn more profit and are closer to economic theory when they have to purchase allowances than when they receive them for free. Over time, participants make decisions that are closer to profit maximizing levels in treatments both with and without free allocation. In particular, players that receive information on their earnings relative to others (i.e. more transparent market conditions) have a stronger improvement in profit-maximizing behavior over time.
The remaining paper is structured as follows: Section 2 gives a brief introduction to emission allowance trading along with a non-technical discussion about what theory suggests regarding how allowance trading affects retail prices. We then set forth the hypotheses, procedures and results. Section 6 reviews evidence from existing policies and markets, and Section 7 contains conclusions and some further discussion.
Emission Allowance Trading and its Effect on Product Prices
The initial allocation of emissions allowances to agents in the market may be carried out in numerous different ways. The agents may receive allowances for free, for instance based on past emissions, or they may have to pay for them. In the latter case, selling the allowances in an auction is usually a suitable approach. The public finance literature finds undisputed benefits from auctioning allowances as compared to giving them away for free in that the government's revenues from the auction may be used to decrease distorting taxes, the so-called double dividend. 2 Many have argued there are also administrative advantages to the use of an auction (Binmore and Klemperer, 2002) . However, if there is some other negative effect from auctioning, the government must take caution so it does not outweigh the positive effects from the double dividend. As discussed in the introduction, one such negative effect often discussed in the public debate is the possibility that since firms have to pay for the allowances (as opposed to receiving them for free) they may be forced to increase consumer prices in order to cover their additional costs. As higher prices harm consumers ceteris paribus, such a claim must be seriously considered.
From the discussion above we may suspect that in many markets this claim may not be correct. To comply with the requirements of an emissions trading program a firm may choose to reduce its own emissions (by using a less polluting production process and/or reducing production) or to use more allowances and effectively compensate another firm for reducing its emissions. Typically we would expect a little bit of both such that the cost of further decreasing emissions is equal to the price of an allowance. It is thus the case that the firm's costs are increased by the presence of an emissions allowance trading scheme and that if possible firms will increase prices to cover this additional cost. However, what is not true -according to economic theory -is that the increase in consumer prices follows from the way in which emission allowances are allocated initially.
Even if an allowance is received for free, using it in order to cover emissions represents a cost because if the allowance is not used it may be sold on the market. Using an allowance to cover emissions thus implies missing an opportunity to sell it. Economic theory states that a rational agent should take such 'opportunity costs' into consideration when making decisions, e.g., about how much to produce and/or what price to charge for their product. It is the fact that allowances have a valuable alternative use that may lead to higher prices for consumers. The choice between an auction and free allocation as we have described it should, according to economic theory, not have any influence on the firms' production choices nor on consumer prices. In either case, the firm in a competitive market will charge its customers for the use of allowances as an input to production just as it will charge for fuel or labor used for its production activities. By analogy, if you were buying a house, it would not occur to you to think that its price might depend on whether its previous owner had bought or inherited the house -you would expect the owner to charge what the market will bear. The managers of firms should be expected to do the same. Otherwise, they would have some explaining to do -to their shareholders! The economic theory of behavior in a competitive market does not remove the ambiguity about how much pass through one could expect to observe in product prices. One source of ambiguity has to do with the heterogeneity of technologies within the market, and another has to do with competition from producers outside of the market. An example of ambiguity due to the heterogeneity of technology is the electricity sector, which has been at the core of previous emissions trading programs and where there exists a diversity of long-lived generation equipment. Technologies differ with respect to the cost of producing one additional unit of electricity (the marginal cost) and with respect to their emission rate. Although each electricity producer receives the same price per unit produced, the price depends just on the bid of the last generator, i.e. the one with the highest marginal cost, needed to meet demand at any point in time. Hence, even if one expected to observe 100 percent pass through of allowance value in the bids of generators, the change in revenues from the sale of electricity could be greater or less than the market value of allowances used in the market. For example, consider a market in which non-emitting technologies such as nuclear and wind provide 50 percent of the power in a market and an emitting source such as natural gas provides the other half. If the emitting source is the last unit generation its marginal costs set the price in the market. Full pass through of allowance value would lead to a change in revenues that is twice the value of allowances actually used in electricity generation because half the generation has no emissions. Conversely, if the non-emitting technologies have the highest marginal cost and thus are the last units to be put into production, their bids would set the price in the market and the price would not include allowance costs.
A second source of ambiguity does not require heterogeneity in costs, but hinges instead on heterogeneity in regulation -e.g. whether regulated firms face competition from a global market with firms that are not included under the emissions cap. If firms regulated through the trading scheme are competing with firms outside the scheme they may be unable to pass through any of their costs for the emission allowances in the price whether allowances are received for free or in an auction because the market price is set in a global market. In the short run a regulated firm has as its only option the possibility of a decrease in production. In effect, the firm cannot choose its price, it can only choose its quantity of production. Alternatively, if all of the competition is regulated under the cap the market price would be expected to increase. In this context firms have the opportunity to choose their price and their quantity of production.
The decision for firms competing globally is, at least in its stylized form, simpler than for firms competing locally. The global actors have no other choice than to take the world price as given and act accordingly. However, when all the firms are regulated the actors know that their competitors also face the regulation and consequently the market prices will increase following from the regulation. However, they do not know in advance the extent of this increase, and it might take longer to find a new equilibrium in the local market case than in the global case, simply because the problem faced by firms acting locally is more complex than for firms acting globally.
In sum, there are two entangled issues occurring simultaneously; first, there is the question about how much of the allowances' value is passed through by an individual generator and, second, to what extent these pass-through strategies affect the product price, e.g. the price of electricity. In this paper we are primarily interested in the first of these issues and we use laboratory experiments to disentangle the two effects and target the pass-through strategy issue only.
Hypotheses
The experiments we conduct put individuals into a decision context that resembles the situation a firm faces in a market where it has costs of production and has to surrender an allowance for emissions associated with production. The subjects receive allowances in two ways: either as a free endowment received before the start of the experiment, or they buy them at a pre-announced price during the experiment. In each case any unused allowance has a pre-specified resale value that the subject can receive for any allowance not used in production.
As indicated above, economic theory suggests that the subjects in the experiment will take the opportunity cost of allowances into consideration in their production decisions. However, as there are very different viewpoints in evidence about what to expect, we cannot take it for granted that economic intuition is shared by all participants. Our simple first hypothesis is that:
1) Participants display a variety of decisions in initial stages of the experiment.
As we describe below, the experiments are structured to provide participants with a financial incentive to behave in accord with economic theory -doing so can lead to substantially greater earnings. However, even if the subjects embrace a strategy that maximizes their payoffs, they may require repeated rounds of the experiment before they learn to do so. One reason may be that subjects do not behave initially according to economic theory but that they are disciplined by the structure of the problem and the payoff opportunities and so they learn to change their behavior. An alternative reason may be the task is not trivial and subjects learn about the task over time. We expect that, at least for some subjects, an iterative process may be needed in order to reach the strategy that maximizes the payoff (the efficient strategy):
2) Subjects improve their payoff over multiple rounds of the experiment.
Although simple economic theory does not provide a reason there is ample evidence that people view free allocation very differently from an auction. There are two potential underlying ideas that may explain this. The simpler is that if the subjects pay for allowances they may take this into consideration in their production decision in the same way that they consider the cost of other inputs to production. That is, subjects may not need to grasp the idea of opportunity cost to arrive at the efficient strategy. A somewhat more complex line of argument is that it is hard to know the correct value of an allowance before the market is fully established. Previous experience in allowance markets indicates an auction has played an important role in the discovery of the price of allowances (Ellerman et al. 2000 ). An initial auction provides a signal about this value, which will make it easier for the subjects to correctly take the opportunity cost into consideration. In the experiments we have focused on the former explanation by explicitly stating the market price of allowances to the subjects in advance of their decisions. We conjecture the following:
3) Agents can more easily identify the optimal pricing strategy under an auction than under free allocation.
Finally, we consider the role of information about one's performance relative to the performance of others. One of the ways that firms learn, especially in a new market environment, is by watching the performance of other firms. For example, firms benchmark themselves against competitors and hire management consultants who provide advice about how to perform in a particular market based on other firms' strategies, all in order to maximize shareholder value in the firm. Consequently, we conjecture that if participants receive information about their payoffs relative to the performance of others in the experiment they will adapt their strategy more quickly. Thus:
4)
A more transparent market helps agents to identify the optimal pricing strategy.
Procedures
In our experiments, participants had the role of producers with the capacity to produce up to three units of a product. Each unit produced required the use of a unit of fuel and an allowance. Fuel cost increased for each unit produced, reflecting for instance differing marginal cost among three different production facilities. In some treatments three allowances were given to the producer for free and in other treatments allowances had to be purchased. In contrast to the fuel input, the cost of using each allowance did not depend on the number of units produced but instead there was a single market price, and allowances could be bought or sold at that price. If subjects did not produce all three of their capacity units, they automatically received the market price for any unused allowances that they possessed. The production costs and allowance price were announced at the beginning of each round of the experiment, but they varied across rounds.
Experiments were run in two different production choice environments. In the first environment, which we refer to as the quantity-choice environment, subjects were informed of the market price for their product and they had to decide whether or not they wanted to produce each of their three production units. The market prices were randomly determined for each round so that previous production decisions did not affect future prices. The incentives for subjects were straightforward; they should produce a unit as long as it is more profitable than not producing.
In the second environment, which we refer as the price-choice environment, subjects were asked to specify the lowest price that they would be willing to accept (WTA) in order to produce each of their three possible units. If the WTA for an individual production unit was less than or equal to a randomly determined market clearing price, then that unit was produced and the subject received the market price. Otherwise, the unit was not produced. This mechanism for eliciting WTA is known as the BeckerDeGroot-Marshak (BDM) mechanism (Becker et al., 1964) and is well suited for the study of pass through because it is theoretically incentive compatible and involves only individual choice. Furthermore, it has been tested in other experimental environments and has been found to be a reliable preference elicitation mechanism that is cognitively transparent and neutral in that it does not give the subject any unintended feedback about what he ought to be doing (Irwin et al., 1998) .
For each of the two experimental designs, we investigated the effect of relative performance information on production decisions. After each round, subjects were told what their profits were. In some treatments, subjects were informed how their profits ranked compared to the other subjects in the room. All subjects faced the same prices and costs and the subjects knew that any differences in profits were strictly attributable to differences in production decisions.
Twelve subjects were recruited for each experimental session 3 . Market clearing prices were determined randomly in the interval $1-$10; the price changed between rounds, but was the same for all subjects within a round. We ran treatments using a 2x2x2 experimental design. For each of the two production choice environments, we ran sessions with and without relative information and with and without free allocation. We ran a total of 16 sessions using two seeds for the random draws. By using the same draws across treatments we ensure that the differences that we find are attributable to treatment differences rather than the individual market clearing prices. We also use multiple seed values to replicate our findings so that they can be generalized for more than one set of prices. The experimental structure is illustrated in Figure 1 . Subjects in the experiments were undergraduate and graduate students in two locations, at the Royal Institute of Technology (KTH) in Stockholm and at the University of Virginia in Charlottesville. The figure indicates where the data for each treatment was collected. Subjects' earnings in experimental dollars were converted to real currency and given to them at the end of the experiment 4 . There were some differences in how we ran the experiments for the two different production choice environments. In both cases the subjects played multiple rounds. However, in the quantity-choice environment the experiments lasted for 10 rounds, while in the price-choice environment we used 20 rounds (with a change of treatment from round 11 onwards). In the quantity-choice environment, the fuel input costs were $1, $3, and $5 for production units 1, 2, and 3 respectively while the allowance prices were invariant at $4 per allowance. In the price-choice environment their fuel input costs and the allowance price were stochastic, that is, they changed between rounds. However, the expected values correspond to those in the first environment. The fuel input prices ranged from $0.50-$1.50, $2.50-$3.00, and $4.50-$5.50 for units 1,2 and 3 respectively and the allowance price fell between $3.50 and $4.50. In each round, each of these four input values was randomly determined with each $.50 increment in the range being equally likely.
Quantity Choice
The experiments conducted are similar to those in a study by Plott (1983) , which reports on a laboratory study of behavior when limited and tradable licenses were required for economic activity that imposed an externality on others. The value of the licenses was created by their scarcity and reflected in a market in which licenses could be bought or sold. In this setting, even when licenses were distributed initially for free, the price of production reflected opportunity costs. Moreover, the licenses ended up being used in an approximately efficient manner by producers who valued them most. However, one aspect of Plott's experiments was not general. Licenses were distributed at zero initial cost, but unlike what has occurred in previous allowance markets they were not distributed in approximate proportion to their ultimate use. Instead, licenses were distributed initially so that the maximum efficiency of the original allocation was 46%, had no trading occurred. Consequently, producers had to engage actively in the secondary market for licenses in order to maximize profits from production and this inevitably contributed to the discovery and recognition of the market-driven opportunity costs of the licenses. Plott acknowledges that the efficiency of a license policy "might be affected by the initial distribution of licenses by placing them in the 'right hands' initially" (p. 118). In our experiment when allowances are distributed for free the initial distribution reflects more closely the ultimate use of allowances, perhaps making it more difficult for subjects to recognize their opportunity cost and encouraging them to use different decision rules in determining their production activities.
Experiment Results
Results are reported for each of the experimental settings, beginning with the quantity-choice environment and followed by the price-choice environment.
The quantity choice environment
In the quantity-choice environment we ran 8 sessions, each of which had 12 participants making 10 individual production decisions. As described above, we ran sessions with free allocation of emissions allowances and sessions where allowances had to be purchased. We denote free allocation as GF (for grandfathering). Sessions that provided relative earnings information are denoted RI. In these sessions the subjects received information about their earnings and their ranking relative to others after each round, and in the other sessions, subjects only knew their own earnings.
To formally test whether different treatments have a different impact on pricing behavior we perform the non-parametric Wilcoxon rank sum test. A particular benefit of this test as compared to others such as standard t-tests is that it requires no assumption about the underlying distribution of the population of subjects. For this test we used individual participants as observations, and the measure of their performance was the number of errors that they made (i.e. if they produced units when it was more profitable not to and vice versa). The test answers the question whether a difference in the number of errors made by individuals between two treatments is statistically significant or if it may be explained by natural variations due to the selection of the subject sample. Table 1 contains the results both for rounds 1 to 5 and for rounds 6 to 10. Result #1: In the quantity choice environment, when participants receive information about their relative performance compared to others, it does not change their performance.
The results of the Wilcoxon tests for treatments with RI vs. no RI were insignificant, indicating that relative information did not appear to improve performance in early or late rounds of the experiments.
Result #2: In early rounds in the quantity choice environment, participants that have to purchase emissions allowances outperform participants that receive them for free, but in the later rounds this difference goes away.
The Wilcoxon test for GF vs. no GF was statistically significant for rounds 1-5, but not rounds 6-10. The difference in early rounds suggests that the profitmaximizing strategy may be more transparent when the cost of an emissions allowance is a direct cost rather than an opportunity cost of production. The fact that the difference is gone in the last 5 rounds suggests that subjects in free allocation treatments learn to incorporate the opportunity cost and profit maximize over time.
Result #3: In the quantity choice environment, subjects in all treatments learn to profit maximize quickly A central question is whether learning is facilitated by having to pay for permits and/or the presence of relative information. Figure 1 below depicts the sum of the errors made by the 12 participants in each of the 10 rounds. Each data point is the average of the values for the two replications that we did. In the first round there are about twice as many errors made in treatments with grandfathering than in treatments with no grandfathering. As indicated by the Wilcoxon rank sum tests, this difference dissipates over time. In fact, there appears to be learning across all four of the treatments with fewer errors in the later rounds. 
Number of Errors

Figure 2, Average number of errors made in each round by treatment type
A more formal test of this is performed by looking at each individual's pricing behavior in the first three rounds compared to the last three rounds (Round 8-10). If there is a learning effect subjects would price in a more optimal way in the latter rounds and, thus, for a majority of the subjects we expect to see a positive difference between deviations in early compared to late rounds. Table 2 reports the result of such a test, known as the Wilcoxon MatchedPairs Signed Rank test, for all four possible combinations of treatments. By comparing the number of observations with a positive difference in deviation between early and late rounds (W+ in Table 2 ) to those with negative difference (W-), it is clearly the case that for all treatments the number of positive cases dominates. This is in line with a learning effect. The difference is large enough to be statistically significant for all treatment types, indicating that subjects learned to profit-maximize in all of the treatments.
The price choice environment
In the quantity choice environment, subjects are presented with a price and they have to make a binary decision to produce or not. In the price choice environment, the decision is more open ended; participants choose a price from a broad range. The data therefore allow us to do some richer analyses.
In addition, at the end of these treatments subjects filled out a questionnaire with several cognitive questions, adding another dimension to our investigation.
In the price choice environment, subjects faced both free allocation and no free allocation treatments, 10 rounds of each. Half of the sessions had free allocation first and the other half had no free allocation first. In addition participants either received relative information for all 20 rounds, or they did not receive any relative information. For most of our analysis we concentrate on the first 10 rounds only as performance in rounds 11-20 was influenced by the previous rounds. The 2X2 treatment design described above was used with two repetitions of each of the four treatments for a total of 8 experimental sessions. Figure 3 illustrates the pricing behavior. The upper graph shows average absolute deviation 4 from the theoretical optimum, i.e., the average absolute value of the asking price minus the sum of fuel cost and value of an allowance, for the four different treatments. With the possible exception of the group who had to pay for allowances the 10 first rounds and received no relative information (No GF 1 st No RI), all groups exhibit rather clear learning effects in that the lines in the upper graph all show downward sloping trends both for round 1 to 10 and round 11 to 20. As noted, there is a treatment change between round 10 and 11, which caused increased deviations in particular for the groups who had to pay for allowances the first ten rounds.
The lower graph in Figure 2 shows what share of all choices made in a round coincides with the theoretical optimum, i.e., the share of choices resulting in a deviation of zero. This graph shows a similar pattern as the upper graph -we see clear indications of learning in that the lines show upward sloping trends, i.e., for each round more subjects price optimally. For the treatment with no initial grandfathering and relative information we again see a very dramatic shift due to the treatment change in round 10. Interestingly, the lower graph shows very clear learning effects also for the non-relative information group without initial grandfathering. This suggests that the pattern seen in the upper graph, which only weakly supports learning in this group, may be due to some subjects pricing very far from optimum. 
Figure 3, Average absolute deviation from theoretical optimum by round (upper graph) and share of choices that coincides with the theoretical optimum (lower graph) for the different treatments.
Result #4: In the price choice environment, there is more variation in bidding behavior in early rounds.
Looking more closely at the data, the standard deviation of the deviation from theoretical optimum is 1.91 for round 1 and 1.81 for rounds 6 to 10. Thus, there is a smaller variation in latter rounds, but the difference is not large. The share of bid prices that is more than 2 experimental dollars below (above) optimum is 50 % (0.6 %) in round 1 and 25 % (2 %) for rounds 6 to 10. 5 This supports the general impression that the subjects price in a more optimal way in latter rounds, i.e., there is a learning effect.
Result #5: In the price choice environment, when participants have to buy allowances rather than receiving them for free, they price closer to the profit maximizing price.
To formally test whether different treatments have a different impact on pricing behavior we turn again to the non-parametric Wilcoxon rank sum test. Table 2 contains the results both for round 1 to 10 and for round 6 to 10 only. From the first row in Table 2 we see that grandfathering yields absolute deviations that differ in a statistically significant way from an alternative where the subjects must buy allowances. This is the case both for all 10 rounds and for the last 5 rounds. That is, having to pay for allowances helps the subjects in pricing optimally.
Result #6: In the price choice environment, when participants receive information about their relative performance compared to others, they price closer to the profit-maximizing price.
The second row in Table 2 shows that relative information has a statistically significant impact on absolute deviation both for round 1-10 and round 6-10. This indicates that relative information indeed helps the subjects in their pricing decision. This result differs from what we found in the quantity choice environment-no difference between treatments with RI and treatments without. This difference may stem from the BDM mechanism used in the price choice environment not being as straight-forward as the binary decision mechanism in the quantity choice environment so that relative information has a stronger impact in the less transparent environment.
Result #7: In the price choice environment, when participants receive information about their relative performance compared to others, it facilitates learning.
We assessed learning in the price choice environment using the Wilcoxon Matched-Pairs Signed Rank Test. Again, we compared a participants' performance in the first three rounds with the last three rounds. Table 4 below shows a rather clear and interesting picture in that there is a highly significant learning effect in the two treatments that include relative information, as seen from row 2 and 3. However, neither of the treatments without relative information shows a significant learning effect. This result differs from our findings in the quantity choice environment that all treatments exhibit significant learning. Again, here it is possible that the decision environment was more difficult for subjects to figure out, so fewer subjects learned the profit-maximizing strategy and relative information had a much stronger effect on behavior. 
Controlling for Cognitive Ability
The results reported in Table 3 and Table 4 clearly suggest there is an influence both from the choice of allocation approach and from the relative information in the price choice environment. They also suggest that the relative information facilitates a learning process, while the allocation process seems to have an absolute impact on pricing behavior. As the task the subjects perform in the experiment is obviously not trivial, it would be interesting to see whether subjects that are trained for, or in other ways are skilled in, performing more analytical assignments manage to price in a more optimal way than other subjects.
In order to capture this, the subjects were asked to answer seven questions directly after the last round in the experiment, see Appendix A. For this analysis, we focus on three of the questions (2-4) that make up a Cognitive Reflection Test (CRT) as presented in Frederick (2005) . As defined by Frederick, "CRT measures 'cognitive reflection'-the ability or disposition to resist reporting the response that first comes to mind." A high performance on the CRT test is strongly correlated with high performances on other tests of cognitive abilities. We found that participants with low CRT scores (0-1) deviated further from profit-maximizing pricing than did participants with high CRT scores (2-3) (Wilcoxon rank sum, W = 2570, p<=.000003128).
In one of our treatments (no GF, RI), participants performed particularly well on the CRT test with 20 out of 23 receiving a high score. Because this sample is somewhat biased, it was particularly important to control for high scores in some of our analyses. Repeating the Wilcoxon Matched-Paired tests comparing performance in rounds 1-3 to rounds 8-10 for the High CRT-group yields mainly similar results but with a few notable differences (see Appendix B). First, the impact from relative information is no longer significant, neither for all ten rounds nor for the last five rounds. This suggests that this group does not benefit as much from relative information. Second, the High CRTgroup shows significant learning in the GF no RI treatment (corresponding to the first row in Table 2 ). We return to these findings later in this section.
Regression Analysis
To analyze the data further, we turn to regression analysis in which we estimate the following equation:
The variable Round is used to capture learning effects. As seen from (1) we allow for learning to be non-linear by also including Round squared. Only the first 10 rounds are used to estimate the model. GF takes on the value 1 if the subjects receive allowances for free during these rounds and zero otherwise. RI takes on the value 1 if the subjects receive relative information. We allow for the choice of allocation and the presence of relative information to influence learning 6 . This will be captured by β 4 and β 6 , respectively. Any absolute effect from allocation choice or relative information will be captured by β 3 and β 5 , respectively. ε is an error term.
As discussed above, we expect to see learning in all treatments, but probably at a decreasing rate. That is, as the explained variable is measured in absolute terms, β 1 is expected to be negative. If the learning effect decreases over rounds, which is a reasonable expectation, β 2 should be positive but, in absolute terms, less than β 1 . Furthermore, we expect that having to pay for allowances facilitates optimal pricing. That is, when GF=1 (allowances are received for free) absolute deviations are expected to be higher than otherwise. Thus, the expected sign of β 3 is positive. It may be the case that the subjects who receive allowances for free initially show a higher deviation from optimal pricing but learn to price more optimally over time. If this is the case, β 4 is negative. Finally, a negative value on β 5 implies that relative information facilitates an optimal pricing behavior. However, the nature of the relative information suggests that it rather would facilitate the learning process. That is, we expect β 6 to be negative, i.e., with relative information learning per round is greater than without.
The result of the regression is given in Table 5 , which contains three regressions. The first model uses all data, the second only data from subjects who scored high on the cognitive test and the third uses data for subjects with low scores on the cognitive tests. As seen in Table 5 , the explanatory power of the model is low. Subjects seem to use a lot of trial-and-error, which causes noise in the data. This conjecture is further strengthened by the observation that the explanatory power is higher for the high CRT score group than for the group with low scores. There are ways to dramatically increase the explanatory power, for instance by including individual fixed effects or by substituting Round for cumulative earnings as a learning variable. 7 However, these models are much harder to interpret and given a trade-off between goodness-of-fit and interpretability, we choose to settle for the latter.
Looking at the model that utilizes all available data, we see that it supports our expectations as described above. First, there is a clear evidence of learning in that Round has a highly significant negative coefficient. It is also evident that the rate of learning decreases in the number of rounds played, since Round squared has a positive and highly significant coefficient. Note, however, that learning happens throughout all ten rounds as the positive impact on deviation from Round squared never outweighs the negative impact from Round 8 .
The impact on pricing from the choice of allocation mechanism is also as expected. Deviations from optimal pricing are significantly higher when allowances are received for free, as seen by the coefficient for GF. The effect is rather large. In the first round deviation is almost 0.8 experimental dollars higher under free allocation, which corresponds to one fifth of the expected value of an allowance. However, this effect decreases during the experiment, i.e., subjects learn to take the opportunity cost into consideration. This is seen from the negative and highly significant coefficient for Round*GF. After ten rounds almost half (45 %) of the effect seen in the initial round has disappeared. Much as expected, relative information has no initial impact on pricing behavior (the coefficient for RI is not significant) but it shows clear evidence of facilitating learning as Round*RI is highly significant and negative. The effect of relative information after 10 rounds is of the same magnitude as the initial effect of having to pay for allowances.
Result #8: Overall, information about relative performance has a higher impact on the pricing behavior of participants that have a low score on the cognitive test than those that have a high score.
For the group with high CRT scores, most effects are of the same magnitude as for the entire group. The main difference lies in the impact from relative information. This group shows a small initial effect from having relative information, which is very close to not being significant even at the 10 % level. More interestingly, the presence of relative information does not help this group's learning process, which is seen from that Round*RI is not significant. A possible explanation of this lies in the nature of the information. As this group generally performed better, i.e., showed less deviation from optimal pricing, they probably ranked high. A low ranking sends a clear signal that you should change behavior, a high ranking however signals that you should probably stick to your strategy. In that sense, this result is not surprising.
Looking at the highly significant coefficients for Round and Round squared for the group with low CRT score we observe a higher initial learning effect. Interestingly and rather surprisingly, the rate decreases faster over rounds than for the entire group. By round 10, the impact on learning from playing another round is of the same magnitude as for the entire group. When it comes to allocation this group shows no effect from having received allowances for free or not. The learning effect shows only weak significance and has an unexpected sign. A positive interpretation of this is that this group immediately and correctly took the opportunity cost into consideration. If so, they would have priced optimally both when they had to pay for allowances and when they received them for free. Unfortunately, looking at the data another explanation seems more plausible. Namely that, on average this group priced far from optimal in both allocation treatments 9 . The relative information, on the other hand, seems to have a substantial impact on learning for this group. There is an initial effect that, even though it is only weekly significant, has an unexpected sign. However, the learning effect from having relative information over rounds has the expected sign and is rather large such that after four rounds it outweighs the initial effect. Even though the sign of the initial effect is surprising and hard to explain, the general fact that this group is highly influenced by the presence of relative information seems very plausible. This group is likely to rank low in relative earnings and the relative information thus sends a clear signal to change strategy to the next round.
Lessons from Existing Policies and Markets
In a simple economic setting like the one embodied in our experiments, firms (subjects in the experiments) maximize their profits by including the value of emissions allowances in their decisions about price and production even if they received the allowances for free. We find that this behavior is not intuitive for many subjects in the experiments. What does one find in the real economy?
There are several high profile examples which highlight the different expectations that exist around what an efficient -and 'fair' -market behaviour constitutes. Regulations, institutions, social norms and reputations may cause firms to deviate from a simple strategy of including the economic value of allowances in retail prices. These differences exist even at the highest political and industrial level. In 2005, companies in the electricity-intensive sector of the German economy complained to the Bundeskartellamt (the German Federal Cartel Office) about the practices adopted by the electricity companies in CO 2 emissions trading. In simplified terms, the Bundeskartellamt took the view that since utilities such as RWE and E.On had received emission allowances for free, not only was it unethical for them to pass the opportunity cost on to consumers, but also illegal. In a "warning letter" 10 to RWE in December 2006, the office states that "the industrial electricity prices charged by RWE in 2005 were abusive as the company had passed on more than 25 per cent of the value of its CO 2 emission allowances within its electricity prices."
The Bundeskartellamt recognized the economic insight that opportunity costs are in principle taken into account in a business calculation. However, the authority took the view that since the allowances allocated for free were necessary for the electricity generation of RWE, they were not actually available for sale and thus would not have a full opportunity cost associated with them. In addition, the Bundeskartellamt noted that the dominant positions of RWE and E.On could enable them to abuse their market power. To support this view, they refer to a comparative survey of other sectors in the emissions trading system, concluding that in a fully competitive market, the opportunity cost of allowances given for free cannot be passed on to customers.
For this reason, the Bundeskartellamt did not object to up to 25% of the allowance value being passed on within the electricity price. This figure was established by taking into account a conversion factor for all types of fuel and a "relevance surcharge." The passing on of any amount exceeding this figure would, according to the decision, constitute an abuse of market dominance.
This claim suggests RWE should be expected to exercise some self restraint in the market and to modify its ability to maximize profits by bidding into the wholesale power market at its full opportunity cost. The irony should not be lost. The regulator is concerned about the exercise of profit-maximizing behavior in an electricity market that is ostensibly a competitive market. If RWE were able determine a rate of pass-through other than that suggested by theory, then it would be prima facie evidence that RWE had the ability to manipulate prices in the market.
A more recent example is currently unfolding in the UK. The backdrop is a widespread concern over increasing 'fuel poverty', i.e. the share of the population that spends a large proportion of their disposable income on energy. As fuel prices have increased, energy bills have followed. The discussion on how to alleviate fuel poverty is heated, and UK Prime Minister Gordon Brown's office is under significant pressure to do something about the deteriorating situation for many low-income households.
Part of the price increases can be linked to the EU ETS, where utilities have received free allowances, which has aggravated many observers. There also seems to be a widespread perception that utilities have not been hit particularly hard by the soaring fuel prices, but in fact have earned constant or even increasing profits in the electricity industry.
There are several layers to the UK case, but a recurring concern is that the EU ETS has caused electricity prices to rise without the firms incurring additional costs. This reasoning is analogue to the German case, although in the UK the distinction between effects of rising fuel prices and of the cost of emission allowances are often lost.
The possibility of windfall profits associated with environmental regulations is dates back to the implementation of the 1987 Montreal Protocol on Substances that Deplete the Ozone Layer. In a subsequent amendment to the protocol in 1990, the United States and 22 other countries agreed to a full phase out of chlorofluorocarbon (CFC) and halons, as well as a phase out of "other CFCs," by 2000. Parties to the Protocol (signatory nations) could establish mechanisms to assure that they were in compliance. As a party to the convention and the largest producer of these substances, the US established a parallel system for domestic trading of these substances. In implementing the agreement, the US Environmental Protection Agency (US EPA) distributed allowances for free to companies that produced or imported CFCs and halons based on 1986 market shares to 5 CFC producers, 3 halon producers, 14 CFC importers, and 6 halon importers.
According to the US EPA, the marketable permit system for producers and importers resulted in a number of savings relative to a program that directly controlled end uses.
11 The production of these chemicals for most uses in the US was phased out by 1996. However, it was recognized that the restrictions on the quantity of CFCs and halons would lead to rapidly escalating prices that potentially would yield windfall profits. It also might decrease incentives to develop substitutes if the permit market served as a barrier to competitive 11 http://yosemite.epa.gov/ee/epa/incsave.nsf/22dcaad1f2bc15e8852567840015b4f6/51 1d430d23ed4d8585256636004f926c!OpenDocument market entry. Consequently, an excise tax on CFC production was implemented that raised $2.9 billion in its first five years.
The observation that free allocation in the EU electricity sector led to windfall profits is part of the motivation in the ten Northeast states in the US that are part of the Regional Greenhouse Gas Initiative (RGGI) to not freely allocate all of the allowances. This program affects just the electricity sector that takes effect in January 2009, but although it is a modest program it has already had an important influence on the national debate in the US. About 90 percent of the emissions allowances in this program will be auctioned, with the first auction occurring on September 25, 2008.
Conclusion and discussion
The use of incentive-based environmental regulations such as cap and trade is one of the most important contributions from the field of environmental economics to public policy. How cap-and-trade programs are implemented and actually work remains a subject of much interest. One of the crucial issues is the determination of prices for emission allowances and for downstream products because this is important to the distributional and efficiency consequences of a cap-and-trade program.
This paper reports on the use of experimental methods to investigate behavior with respect to how prices will be determined under a cap-and-trade program. We find participants in the experiments employ various approaches. Some participants initially recognize the opportunity cost of these allowances and included them in their economic choices, and other subjects initially do not. However, given a simple economic setting in which pay-offs depend on this behavior, we find that subjects learn to consider the value of allowances and overall behavior moves toward that predicted by economic theory.
Empirical evidence suggests that product prices in electricity markets do adjust to reflect the opportunity cost of emissions allowances that have been given away for free, but there remains ambiguity about the degree of that adjustment. Moreover, this kind of pricing behavior is unexpected and criticized by some regulators.
Theoretically, full pass through of the cost of emissions allowances would be expected in a competitive market. If empirical evidence indicates the determination of product prices does not conform to a simple prediction of profit-maximizing behavior, one is compelled to search for alternative explanations for observed behavior. If firms are able to voluntarily moderate commodity prices to be below competitive levels, it suggests an ability of these entities to exercise market power or collude -even if this is motivated by a desire to hold back and not pass through the value of emissions allowances in product prices. This may have important implications for understanding the behavior of energy markets, which are most directly affected by the application of emission allowance trading, and which also are under scrutiny with respect price determination. Throughout much of Europe and the U.S., energy markets have been deregulated or are in the process of moving toward market liberalization. If market behavior does not conform to predictions of behavior in a competitive market, this may say a great deal about the nature of market liberalization in energy markets as well as about the behavior of environmental markets.
Further, the observations from the experiments may help to understand the ongoing public debate over the interaction of the EU ETS and energy markets. The ferocity of that debate, and in particular the resistance to auctioning of allowances motivated by concerns over increased electricity prices, may surprise economists. The problem is almost trivial from a theoretical point of view but still there are large differences in how it is perceived by different stakeholders. To a purist this may be both disappointing and surprising.
However, emission allowance markets are a new phenomenon to many politicians, firms and policy officials, and one which they are not used to dealing with. In addition, the deregulation of energy markets is a relatively new process and progress is not uniform across countries, resulting in markets in different stages of liberalization. When one considers this, it is less surprising that the public and political intuition of how markets 'should' work may diverge from economic theory, much in the same way as it initially did for the subjects in our experiments.
On the bright side, there are signs that a learning process going on, analogue to the one observed in our experiments. This would mean that a greater understanding of how markets work may be expected to evolve over time and as markets are increasingly liberalized. Indeed, one may detect such a trend in Europe already. Resistance to auctioning motivated by pass-through effects was strong when the EU ETS was conceived. This resistance has decreased significantly in many member states and in the European Commission, perhaps demonstrated most clearly by the Commission's proposal to auction all allowances to electricity companies starting in 2013.
If the observation of ongoing learning is correct, there are grounds to be optimistic about the future development of the European energy system. On the other hand, there are proposals from important member states that energy customers be protected from price increases through re-regulation of energy markets, for instance by limiting the level of pass-through of emission allowance costs. If such measures become widespread, the process towards a more integrated and competitive European energy market is under threat. It remains to be seen which route politicians choose to take. 
